Abstract Despite the discovery of several promising neuroprotective therapies in rodent models of stroke, no therapy other than the fibrinolytics has been found to be effective in human clinical trials. To address potential discrepancies between rodent and human studies, the Stroke Therapy Academic Industry Roundtable (STAIR) committee suggested that nonhuman primates (NHPs) be used for preclinical, translational stroke studies. Due to the paucity of stroke studies in NHPs, few experimental models have been described. Critical factors in designing NHP stroke models include the choice of species, the method of inducing the stroke and the choice of outcome measures. In this review, we describe established NHP models of stroke and discuss factors that may influence model development with a focus on models that may be useful in preclinical studies for neuroprotective drug screening prior to clinical trials.
Introduction
Stroke is a leading cause of death and disability worldwide [1, 2] . Thrombolytic therapy is currently the only widely used treatment in the acute phases of stroke and works by restoring blood flow to the ischemic brain before permanent damage ensues. However, thrombolytic therapies are only used in a small proportion of stroke patients due to a limited therapeutic window, contraindications to therapy, and limited access in many regions [3, 4] . An alternative to reperfusion therapy for acute ischemic stroke is "neuroprotection," the strategy that increases the resiliency of the brain to acute ischemia [5, 6] . However, the translation of neuroprotective stroke therapies from animal studies to clinical trials has been challenging as all neuroprotective compounds deemed to be effective in rodent models of stroke have been ineffective in humans [7, 8] . These challenges gave rise to concerns that neuroprotection may not be a feasible or practicable strategy in humans. Although the translational barriers between rodents and humans are poorly defined, the anatomical and physiological differences between the rodent and human brain have been frequently cited as potential reasons [9] [10] [11] [12] .
The Stroke Therapy Academic Industry Roundtable (STAIR) was a collaborative meeting held for the first time in 1999 among stakeholders in industry and academia. It was held to discuss potential reasons for past failures in translating promising therapeutics to human usefulness, and to make recommendations for future directions in neuroprotection research [13] . The committee's recommendations suggested that after sufficient evidence of efficacy was obtained for a given therapy in rodent models, "stroke recovery studies in primates might be done with a gyrencephalic species, similar to humans (e.g., macaque monkeys) [13] . This recommendation was reinforced at the Sixth STAIR meeting in 2009, and by others [3, 8, 9, 12, [14] [15] [16] [17] . However, it should be noted that the STAIR committee's recommendations have never been validated. Although these recommendations are aimed at improving the methodological quality of preclinical animal research, they have yet to lead to a neuroprotective treatment in humans.
The notion that stroke studies in nonhuman primates (NHPs) will enable the translation of a promising therapy to humans is theoretically sound, but unproven in the absence of a positive human study. Moreover, tissue plasminogen activator (the only widely approved acute ischemic stroke therapy) was translated to human usefulness with rabbit models of thromboembolic stroke, and not primates [18, 19] . Conversely, clinical trials with the neuroprotectant NXY-059 were conducted after promising preclinical results in NHPs, but they resulted in a failed phase III human trial [20] [21] [22] [23] . Thus, factors other than the animal model may need to be accounted for in the effort to translate promising neuroprotectants to clinical usefulness.
In addition to barriers imposed by possible anatomical and physiological differences between species, the development of neuroprotectants must contend with some serious practicalities. The large number of failed human trials that followed preclinical studies conducted primarily in rodents have reduced current levels of interest among the industry to invest in neuroprotection research. Thus, a reality in the development of putative neuroprotectants is that funding such research is challenging, and evidence of promise for human trials must meet an extremely high burden of proof. Such proof may require preclinical validation in NHPs. Therefore, further work with NHP stroke models is potentially valuable to determine their usefulness in preclinical screening and in the discovery of novel stroke therapies.
Ethical Challenges
The ethical challenges inherent in primate research must be defined and carefully considered in contemplating a primate stroke model. Any use of an experimental animal in stroke research must be accompanied by an effort to eliminate or minimize pain, distress, emotional anxiety, and/or depression related to neurological deficits in the animal subjects [24] . These effects may be more evident in species such as NHPs in which the social structure and relationships are a major part of normal life and are potentially distorted or removed in the presence of disability from neurological disease. Although analgesia, environmental enrichment, and intensive veterinary care can compensate for these factors to some extent, 1 cannot judge the degree to which discomfort is relieved in the absence of a complete understanding of how stroke affects the personal and social norms for these species. The argument often made to justify primate stroke research weighs the discomfort encountered by primate subjects against risk avoidance in subsequent human studies and potential benefits to humans through new discoveries [25] . However, the lack of insight into the extent and perception of neurological deficits produced within primate subjects and colonies leads to weighing discomfort in primate subjects against benefits in humans [26] . Hence, it is our view that pre-clinical NHP stroke studies involving recovery and follow-up after stroke, in which animals are potentially exposed to discomfort and major alterations in social structure, should only be contemplated in screening promising agents that have a strong evidence base. These therapies should include meeting requirements for good scientific inquiry, such as certain ones suggested by the STAIR criteria. Moreover, in pre-clinical NHP testing, there should be a clear commitment to carry the therapy forward to human clinical trials. The primate studies should be undertaken in a manner that limits the potential for distress and pain as much as possible, and maximizes steps to relieve these. Therefore, a team of experienced research staff should undertake such projects with frequent review to minimize complications, to recognize and treat pain and distress, and to make decisions regarding the early termination of experiments, including, when necessary, euthanasia of distressed animals.
The aforementioned argument does not contemplate the use of NHPs in nonpreclinical studies including fundamental molecular, physiological, and imaging studies. However, there are instances in which NHPs are deemed to be required for such studies, and our views do not conflict with these needs. Multiple studies in single subjects should be undertaken when possible to minimize the number of subjects required and to maximize the usefulness of each subject, if the study protocol is minimally distressful to the animals used. Finally, institutional review of such projects should be regularly undertaken to ensure these criteria are met.
Planning of Stroke Models in Nonhuman Primates
The obvious goal of a primate stroke model is to make the model match the human condition as closely as possible. Although it may be argued that human stroke, itself, is characterized by high variability, specific human stroke syndromes can certainly be replicated in a laboratory setting. Thus, 1 approach is to start with the clinical stroke syndrome and outcomes of interest in an anticipated clinical trial and model those in the animal study. Collaboration between statisticians, clinicians, and scientists involved with both human trials and primate studies may be helpful in the planning stage to ensure that the primate study focuses on variables to be considered in a human trial (i.e., time to presentation, timing of treatment, drug doses, type of stroke syndromes to be included, imaging workup anticipated, and outcomes being measured) and to incorporate these into the primate study. In designing a NHP stroke study there are 3 major questions to be addressed:
1. Which NHP species should be used? 2. What stroke syndrome should be modeled? 3. What outcome measures will be studied?
In addition to these main questions, general principles guiding any preclinical stroke study should follow as many of the principles emphasized by STAIR [13, 14] . These include measurement and control of all physiological variables, including body temperature, blood pressure, oxygen saturation, blood glucose, and pH; technical consistency in creating strokes; blinded drug/placebo administration; and blinded outcome data analysis. The STAIR criteria, although never validated, are a good faith attempt to limit circumstances that could cause false positive or negative results in preclinical studies like hypothermia/hyperthermia. It is sometimes impossible or impractical to comply with all of the recommendations (e.g., avoidance of neuroprotectant anesthetics). Moreover, controlling these variables is not necessarily possible in human clinical trials, particularly in the pre-hospital stages of treatment. Nonetheless, the STAIR recommendations provide guidelines for improving the methodological quality of studies so that the increased variability observed in human trials may be minimized in the preclinical evaluation of a putative therapeutic agent.
Choice of Primate Species for Stroke Model
Ideally, knowledge gained in lower order species might be translated to a primate model. However, studies that provide direct anatomical, physiological, and pathological comparisons of rodents, NHP, and human brains are limited. Only 1 study to date has directly compared strokes of rats and of NHPs. This study compared the timing of cell death in the ischemic basal ganglia of baboons and rats following transient middle cerebral artery occlusion (MCAO). This study suggested that the peak and plateau of cell death in baboons occurred at 5 h following ischemia onset as compared with 20 h in rats. The authors suggested that cell death following stroke in NHPs occurs in a similar timeframe to that anticipated in humans, and at a more rapid rate than in rats [27] . This study emphasizes the differences in pathophysiology following stroke in rodents and baboons, however, the underlying causes of this difference remain unresolved and require further research.
Primate species vary widely in brain and vascular anatomy, physiology, and behavior. Thus, some species may be better or less suited to a given research goal. Specific considerations include the degree of anatomic resemblance to the human brain (e.g., the presence of defined cortical and subcortical structures and white matter tracts and the position and extent of cortical representation for motor and sensory functions), the vascular supply, and collateral flow in the brain region(s) being studied, the technical feasibility of parent vessel occlusion and reperfusion, the ability to image the brain with clinically relevant modalities, such as computed tomography and magnetic resonance imaging, and the ability to undertake detailed neurobehavioral analysis.
Experimental stroke models have been conducted in both lissencephalic (smooth cortex) and gyrencephalic (convoluted cortex with gyri and sulci) primate species. The lissencephalic species are from the primate families Callitrichidae, Cebidae, Aotidae, Pitheciidae, and Atelidae; whereas gyrencephalic species are generally from the Cercopithecidae family. Table 1 summarizes NHP species used in stroke research.
The most commonly used lissencephalic species are Callithrix jacchus (common marmoset) and Saimiri sciureus (squirrel monkey) [28, 29] . Lissencephalic species may offer an advantage in comparison with gyrencephalic species in studies requiring consistent, focal strokes, because motor, sensory, and visual representation is on the cortical surface allowing precise functional mapping with minimal brain exposure before ischemia. By contrast, in the gyrencephalic species, mapping of specific regions may not be as precise when motor representation lies on cortex within a sulcus [28] . Precise mapping allows investigators to create highly reproducible lesions with predictable deficits, decreasing variability in outcome measures, and decreasing animal numbers to obtain statistical power in treatment studies.
Preclinical studies in the common marmoset, a lissencephalic primate, suggested that NXY-059 had promise as a neuroprotectant. However, the human study was negative [23] . The lissencephalic brain structure of the marmoset, being more rat-like than human, has been cited by critics as a potential cause of the discrepancy between these studies. However, there are no studies to date to suggest that gross brain structure predicts responsiveness to neuroprotection. Furthermore, the lissencephalic architecture of the marmoset brain may not have been the sole factor for the failure to translate NXY-059 to the human situation. Nonetheless, anatomical and as-yet uncertain biological differences between lissencephalic and gyrencephalic species add a layer of uncertainty to the translation of neuroprotectants to human studies. Consequently, the remainder of this review will be focused on gyrencephalic species used in stroke neuroprotection research. Gyrencephalic species are generally larger and possess brains that exhibit a cortical organization, an organization of subcortical structures, including deep gray nuclei and white matter tracts like the internal capsule, white/gray matter ratios, and vascular distributions that resemble human brains more closely than brains of lissencephalic primates (Figs. 1, 2) [12, 30] . Hence, in that regard, gyrencephalic species are favorable for preclinical experimentation. However, these large NHP species generally cost more to house and provide care, given the need for larger housing facilities, increased numbers of technical staff for animal handling, and enhanced environmental and dietary enrichment [31, 32] .
Historically, the most common species used to conduct stroke experiments involving a MCAO has been the Papio anubis (baboon) [33] . This model requires enucleation of the eye followed by occlusion of the middle cerebral artery (MCA) and both anterior cerebral arteries to create a reproducible region of ischemia in the frontotemporal cortex, deep gray nuclei, and white matter of the MCA distribution [34, 35] . A permanent MCAO in this particular stroke model produces marked edema requiring prolonged intensive care of the animal and is associated with a high risk of mortality. Therefore, a transient ischemia model has been developed to facilitate recovery experiments; however, this produces stroke primarily in subcortical nuclei, sparing the cortex [36] [37] [38] . The model provides an anatomical representation of human cortical anatomy with a gyrencephalic brain, similar subcortical anatomy, and equivalent white matter tracts. Unfortunately, the baboon cerebral vasculature differs from that of humans due to a rich collateralization. This necessitates the occlusion of the MCA and bilateral A1 segments of the anterior cerebral arteries to create a stroke in the MCA distribution. Neurobehavioral assessments in this model are limited to observational scoring due to the aggressive nature of the baboon and enucleation may obscure detailed cognitive, sensory, and motor neurobehavioral tasks that require intact binocular vision [39] .
Macaque monkeys (genus Macaca) have a gyrencephalic brain with similar cortical and subcortical anatomy to humans (Figs. 1, 2) . Macaca fascicularis (cynomolgus macaque) and Macaca Mulatta (rhesus macaque) have been used in permanent and transient MCAO models [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . The vascular anatomy of the macaque closely resembles the human with less collateralization than the baboon [51] . Among the macaques, the neurovascular anatomy of the M. fascicularis may be more similar to humans in that it may have less collateralization than M. Mulatta as demonstrated by the need in the latter to occlude the ACA along with the distal MCA to produce a cortical stroke [43] . An equivalent stroke may be achieved in M. Fascicularis by clipping only the first segment of the MCA [40] . Macaques are relatively docile and can be easily trained and assessed for cognitive, motor, and sensory deficits using standardized tests [40] . These factors enable the use of macaques for certain aspects of acute stroke research as they most closely resemble the neurovascular anatomy of humans while enabling functional assessments through detailed neurobehavioral tasks.
Choice of Stroke Syndrome
The method of stroke creation is another factor that must be considered in model development [12] . Focal ischemia related to MCA stroke is the most common of the acute ischemic stroke presentations in humans and has been the most commonly tested in rodent and NHP stroke models. Strokes in the MCA distribution affect motor, sensory, and cognitive function, and offer several targets for functional assessment. However, these strokes have inherent variability in anatomical localization based on variations in collateral blood flow between subject animals and increased variability in neurobehavioral outcomes based on the mixed nature of deficits in a given stroke distribution. This has led some investigators to pursue more focal strokes than those covering the entire MCA distribution to control variability. For instance, models are described in specific motor MCA territories, such as those controlling the hand region to increase the sensitivity of motor assessments [28] . Focal strokes of end-artery distributions, such as the lenticulostriate arteries have also been used to produce focal motor deficits reduce anatomical and behavioral variability [52] . Strokes in other anterior and posterior cerebrovascular distributions have not been widely pursued in preclinical studies.
The method of vessel occlusion must also be considered. An open approach to the MCA through a pterional craniotomy or transorbital route is the most commonly used technique, using either a surgical clip or suture ligation to achieve vessel occlusion [36, 40] . Although the transorbital method provides relatively consistent strokes, as evaluated by imaging and histological analysis, the technique requires enucleation of the eye and prevents behavioral testing in tests that require intact binocular vision. The pterional craniotomy approach results in a potentially painful incision site with decreased function of the temporalis muscle as it is dissected; however, in skilled hands the surgery is generally well tolerated and the animal is prepared for a full battery of behavioral tests when it recovers (Fig. 2) . To balance issues associated with surgical approaches, endovascular techniques have been developed to create a temporary occlusion of the MCA by wedging a microcatheter tip into the MCA origin [51, 53] . This method also requires an occlusion of the posterior cerebral artery to decrease collateral flow. Despite this, the endovascular technique appears to have increased variability in stroke size and a higher mortality rate when compared to open vascular occlusions [54] . Similarly, endovascular models have been developed that use autologous blood clots to achieve vessel occlusion [47] [48] [49] [50] . These models have the advantage of more closely modeling the pathophysiology underlying thromboembolic stroke in humans with the opportunity to achieve reperfusion with standard thrombolytic therapies; however, the variability in stroke distribution, volume, and neurological outcomes in this model may be higher. Finally, photothrombotic methods have been used in limited numbers to achieve cerebral vessel occlusion in NHPs [45, 46] . This model can be undertaken with a minimal surgical opening and can be combined with thrombolytic therapies to achieve reperfusion. However, the strokes produced are generally smaller and are located in more distal vascular distributions, and they may be variable in anatomic localization [9] .
Overall, stroke models in NHPs that use endovascular approaches, including the injection of autologous blood clots to model the pathophysiology of human stroke as closely as possibly exists, but at the cost of increased variability of the outcome measures. On the other hand, open surgical models can provide lower variability and lower mortality. Thus, the balance between reduced variability and clinical relevance becomes a central determinant of the choice of primate stroke model.
Choice of Outcome Measures
Outcome measures in NHP stroke research have focused on specific aspects of neurological function, including motor, sensory, and cognitive performance after stroke [39, 40, 55] . By contrast, outcome measures in clinical trials are designed to measure disability or impairment in the activities of daily living. Measures of disability include the Modified Rankin Score, Barthel Index, and Oswestry Index [56] . Recovery in a single aspect of neurological function (e.g., motor function in the hand) may not be accompanied by an improvement in overall disability if the magnitude of recovery is small, or if there are deficits in another aspect of neurological function that prevent improvement in an activity of daily living (e.g., sensory neglect preventing patient from dressing left side). Another major difference between primate outcomes and human disability scoring is the need to train primates to perform a set behavior for a period of time, up to months, prior to the stroke; whereas, humans are assessed using existing behaviors and novel motor/cognitive tasks that introduce variation into inter-subject assessments. Therefore, there is discordance between the types of outcome measurements used in human clinical trials and ones that are achievable in primate experiments. In the absence of a disability index for use in primate studies, a battery of neurobehavioral tests can be used to gain insight into global stroke recovery in NHPs by providing data on motor, balance, sensory, perception, cognition, and basic reflexive behaviors. Specific outcome scales, such as the NHP Stroke Scale have been developed to replicate clinical scoring systems, such as the National Institutes of Health stroke scale that incorporate all of these functions [39, 40] . In the NHP Stroke Scale level of consciousness, motor function, fine More specific neurobehavioral tests may be used to focus on specific areas of neurological dysfunction and recovery after stroke, and can be chosen based on the anticipated deficits from the stroke created. There are several methods to assess motor function and sensory neglect in the upper extremities with tasks designed to separate the 2. These tests are pertinent following MCA stroke. To undertake these types of tasks, animals must be trained to achieve minimum baseline scores prior to stroke onset. For example, the 2 tube choice test is a test of hand preference and hemi-spatial neglect [29, 40] . The hill and valley staircase tasks separate hemiparesis from hemi-sensory neglect by testing motor function in each arm in the isolated hemi-sensory field [29] . The Kluver board task is used to test motor control and planning [29] . Both latency (e.g., time to complete the entire task) and accuracy (e.g., deducting the score for dropped rewards) can be examined with these tasks, which provide similar information to human outcome scales, such as the Fugl-Meyer assessment of sensorimotor recovery after stroke and the Action Research Arm Test assessment of upper limb motor function [57, 58] .
Cognitive tasks play a potential role in assessing impairments of memory and learning after stroke and can play a major role in determining levels of disability after a stroke [59, 60] . Cognitive function includes perception, problem solving, and memory. In the case of motor planning in complex tasks the Object Retrieval Detour Task is designed to evaluate the cognitive elements of motor planning in reaching movements and has been used in cynomolgus macaques with chronic stroke [40, 59] . The simplest test of working memory in NHPs is the delayed response with or without visual discrimination [61, 62] . Higher cognitive function can be assessed with a battery of 3 tests, including the delayed nonmatching to sample task, the delayed recognition span task, and the conceptual set shifting task that have been used in studies of dementia in aged Rhesus macaques [63] . They evaluate recognition memory, pattern recognition, visuospatial memory, and executive functions [63] [64] [65] . Although these tasks have not been specifically used in stroke research, they could conceivably become incorporated in a battery of outcome measures for chronic stroke recovery in stroke models that may include cognitive deficits.
Beyond functional outcomes, surrogate markers may be added to NHP studies to acquire additional or corroborating data. As previously discussed, the validity of surrogate measures in estimating functional outcome has been questioned and remains an area of debate [66, 67] . However, in small primate studies, in which limited experience makes sample size calculations difficult, these surrogate data may be useful in detecting treatment effects in the acute phase or in detecting potential treatment effects for further study that are not evident in chronic functional outcome scores due to small sample size. Measures of tissue death, metabolic dysfunction or failure, and improvements in essential cellular homeostatic function are frequently used as surrogate measures of tissue integrity to detect neuroprotection. Tissue death is commonly measured as regions of necrotic tissue or tissue loss on histological sections; however, tissue integrity may also be measured using magnetic resonance imaging diffusion-weighted imaging and T2-weighted imaging as these correlate well with histology [68, 69] .
Metabolic measures that correlate with tissue death have also been used as surrogate markers of stroke outcome. Of these, the vital stain 2,3,5-triphenyl tetrazolium chloride that delineates regions with functional cellular respiration from those without has close correlation to histological measures of tissue necrosis [34, 35, 70] . Positron emission tomography of metabolic activity in which thresholds of activity correlate to irreversible tissue damage have been used to measure tissue integrity in NHPs and predict resultant regions of tissue necrosis [71] . Cellular homeostatic function is disturbed after stroke with both irreversible and reversible dysfunction; however, measures of some cellular functions that correlate strongly with tissue death have the advantage of defining tissue loss based on early loss of vital intracellular processes that may precede cell death. For instance, global protein expression and gene transcription have been used in limited studies to measure cellular function after stroke [72] . Expression of the cytoskeletal protein microtubule associated protein-2 has been used as a marker to define regions of the brain that have lost essential cellular function after stroke in NHPs [73] . Thus, there exist multiple options for the use in surrogate markers to detect and/or confirm a drug treatment effect.
Conclusions
At this stage, several questions remain concerning the clinical feasibility of neuroprotection in acute stroke and regarding the usefulness of NHPs to resolve these questions. Research to date has not resolved which primate model of stroke most closely models the human condition, nor whether studies of neuroprotectants in NHPs suffice to predict the results of a human trial. However, primate studies may allow researchers to simulate the human situation as closely as possible in the preclinical setting.
Experimental models of stroke in primates pose significant challenges, including the need for specialized infrastructure, expertise, and research costs. In our view, primate studies of neuroprotectants should only be undertaken for promising therapies that have been tested in rodent species in accordance with appropriate standards of good scientific inquiry. Ideally, studies in NHPs should correspond as closely as is practicable to a contemplated human study, and conducted if there is a commitment to conduct a clinical trial. The method of stroke creation should minimize discomfort, pain, and other deleterious effects on the planned neurological assessments. Funding mechanisms of the size and duration required for researchers to take a therapy from initial development to a human trial are generally beyond the scope of current programs available through public agencies; hence, industry support of projects or publicly funded support of programs or collaborative groups charged with the goal of translating therapies will likely be required.
The choice of NHP species depends on the study goals and the outcome measures to be used. The species selected must be capable of performing the neurobehavioral tasks for a given study, including the ability to be pre-trained to achieve consistent results in tasks prior to stroke onset. Larger species are generally capable of a greater battery of tasks including complex assessments of motor planning, fine motor control, memory and learning. Finally, the need for anatomic and physiological similarities between the primate and human brain is an area of uncertainty. Gyrencephalic brains more closely resemble the human brain on a superficial level. However, the significance of this on predicting outcome is unknown.
The development and use of NHP models of stroke have the potential to bridge the translation of neuroprotective therapies from early preclinical studies in rodents to human clinical trials. Whether results from NHPs will predict the results of human trials and lead to the discovery of a novel therapy for stroke remains to be seen.
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